DiStasi MR, Mund JA, Bohlen HG, Miller SJ, Ingram DA, Dalsing MC, Unthank JL. Impaired compensation to femoral artery ligation in diet-induced obese mice is primarily mediated via suppression of collateral growth by Nox2 and p47 phox . Am J Physiol Heart Circ Physiol 309: H1207-H1217, 2015. First published August 21, 2015; doi:10.1152/ajpheart.00180.2015.-The present study was undertaken to establish the role of NADPH oxidase (Nox) in impaired vascular compensation to arterial occlusion that occurs in the presence of risk factors associated with oxidative stress. Diet-induced obese (DIO) mice characterized by multiple comorbidities including diabetes and hyperlipidemia were used as a preclinical model. Arterial occlusion was induced by distal femoral artery ligation in lean and DIO mice. Proximal collateral arteries were identified as the site of major (ϳ70%) vascular resistance to calf perfusion by distal arterial pressures, which decreased from ϳ80 to ϳ30 mmHg with ligation in both lean and DIO mice. Two weeks after ligation, significant vascular compensation occurred in lean but not DIO mice as evidenced by increased perfusion (147 Ϯ 48% vs. 49 Ϯ 29%) and collateral diameter (151 Ϯ 30% vs. 44 Ϯ 17%). Vascular mRNA expression of p22 phox , Nox2, Nox4, and p47 phox were all increased in DIO mice. Treatment of DIO mice with either apocynin or Nox2ds-tat or with whole body ablation of either Nox2 or p47 phox ameliorated the impairment in both collateral growth and hindlimb perfusion. Multiparametric flow cytometry analysis demonstrated elevated levels of circulating monocytes in DIO mice without impaired mobilization and demargination after femoral artery ligation. These results establish collateral resistance as the major limitation to calf perfusion in this preclinical model, demonstrate than monocyte mobilization and demarginatin is not suppressed, implicate Nox2-p47 phox interactions in the impairment of vascular compensation to arterial occlusion in DIO mice, and suggest that selective Nox component suppression/inhibition may be effective as either primary or adjuvant therapy for claudicants. NOVEL THERAPIES to reverse or prevent disease progression and functional decline related to peripheral arterial occlusive disease (PAD) have been identified as a great unmet medical need (32, 58). Some individuals, especially the young, have a remarkable capacity to compensate for arterial occlusion through both large artery and microvascular adaptations (100). Yet those with vascular risk factors and comorbidities, such as hypercholesterolemia, diabetes, and advanced age, demonstrate very limited capacity for such adaptation (42, 100). In these individuals, arterial occlusion results in significant disability and even death. A recent clinical trial has demonstrated that the angiotensin-converting enzyme inhibitor Ramipril provides a substantially greater functional improvement in claudicants (2) than medications currently Federal Drug Agency approved for PAD-related walking disorders (58). While the mechanisms of action remain unknown, angiotensin-converting enzyme inhibitors such as Ramipril provide vascular protection by decreasing oxidative stress and improving endothelial function (63). Oxidative stress and endothelial dysfunction compromise perfusion and walking capacity in humans (11), likely through 1) impairment of vasodilatory capacity in resistance vessels and 2) suppression of flow-mediated outward remodeling, such as occurs in collateral growth in humans (90) and animals (79, 80) and that may result from reductions in bone marrow-derived cell (BMDC) function including mobilization and demargination (28, 40, 42, 93) .
NOVEL THERAPIES to reverse or prevent disease progression and functional decline related to peripheral arterial occlusive disease (PAD) have been identified as a great unmet medical need (32, 58) . Some individuals, especially the young, have a remarkable capacity to compensate for arterial occlusion through both large artery and microvascular adaptations (100) . Yet those with vascular risk factors and comorbidities, such as hypercholesterolemia, diabetes, and advanced age, demonstrate very limited capacity for such adaptation (42, 100) . In these individuals, arterial occlusion results in significant disability and even death. A recent clinical trial has demonstrated that the angiotensin-converting enzyme inhibitor Ramipril provides a substantially greater functional improvement in claudicants (2) than medications currently Federal Drug Agency approved for PAD-related walking disorders (58) . While the mechanisms of action remain unknown, angiotensin-converting enzyme inhibitors such as Ramipril provide vascular protection by decreasing oxidative stress and improving endothelial function (63) . Oxidative stress and endothelial dysfunction compromise perfusion and walking capacity in humans (11) , likely through 1) impairment of vasodilatory capacity in resistance vessels and 2) suppression of flow-mediated outward remodeling, such as occurs in collateral growth in humans (90) and animals (79, 80) and that may result from reductions in bone marrow-derived cell (BMDC) function including mobilization and demargination (28, 40, 42, 93) .
NADPH oxidases (Nox) are a major source of vascular ROS (13, 92) and exhibit increased expression and activation in the context of vascular risk factors and PAD (51, 52) . A major source of endothelial oxidative stress results from ANG IIinduced activation of Nox2 (20) , and studies in both animals and humans have implicated a causal role of Nox2 in cardiovascular diseases and endothelial dysfunction (13, 23, 24, 51, 52, 75, 92) . Loffredo et al. (51, 53) have provided evidence that Nox2 significantly contributes to the oxidative stress that is responsible for impaired endothelial dysfunction and impaired flow-mediated dilation in claudicants. Nox2 has been identified as a potential therapeutic target for vascular disease (13, 23, 24, 92) , and PAD would be a logical application for such therapy.
However, divergent effects of ROS on vascular compensation and on the BMDC subtypes believed to mediate it, including ROS derived from Nox and specifically Nox2 (22, 25, 34, 35, 67, 77, 78, 84, 85) , have been reported. Consequently, a better understanding is needed for the role of Nox in vascular compensation in the presence of comorbidities typical of the human population with PAD, especially for the vascular adaptation(s) with the greatest capacity for improved perfusion.
The present study was undertaken to clarify the role of Nox, and specifically Nox2, in the suppression of the normal vascular compensation to arterial occlusion that occurs in the presence of multiple risk factors for cardiovascular disease. We used diet-induced obese (DIO) mice characterized by glucose intolerance (5, 38, 43, 57, 76) , insulin resistance (5, 65, 76) , hyperlipidemia/hypercholesterolemia (38, 65) , chronic inflammation and oxidative stress (5, 38, 43, 44, 65) , endothelial dysfunction (44, 57) , and hypertension (64) as well as peripheral vascular insufficiency (6) and augmented hindlimb ischemic injury (3) . Arterial occlusion was produced by distal femoral artery ligation at the most common site of clinical vascular occlusive disease (19) . Distal arterial pressure measurement by a servo-null microelectrode method (7, 8) , so as to not influence blood flow, and calculation of segmental vascular resistances from pressure measurements identified that the proximal collateral bypass arteries are the primary site of vascular resistance after occlusion in our animal model. These are the vessels that undergo enlargement to restore blood flow after occlusion (21) . In DIO mice, vascular compensation was impaired, as assessed by both hindlimb perfusion and collateral enlargement, circulating monocytes in DIO were elevated at baseline, and mobilization and demargination were not suppressed after femoral artery ligation. The role of Nox in the impairment of vascular compensation was evaluated by vascular Nox expression as well as via pharmacological inhibition and genetic ablation of Nox. The results support the hypothesis that impaired compensation to focal arterial occlusion in the DIO mouse results from Nox2-and p47 phox -mediated ROS production and the resultant suppression of preexisting collateral vessel enlargement through mechanisms other than impairment of BMDC mobilization/demargination.
MATERIALS AND METHODS
Animal groups and model. The Institutional Animal Care and Use Committee of the Indiana University School of Medicine approved all procedures performed in this study. C57BL/6J, B6.129S-Cybbtm1Din/J (Nox2 Ϫ/Ϫ ), and B6 (Cg)-Ncf1m1J/J (p47 phoxϪ/Ϫ ) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Experimental DIO mice were started on a high-fat diet (60% of kcal from fat, D12492, Research Diets, New Brunswick, NJ) at 6 wk of age and maintained on this diet until experimentation at ϳ4 mo of age. This DIO model was selected as it has been characterized to have multiple risk factors, including three of the most important risk factors associated with PAD, as identified by Fowkes et al. (29) . We performed preliminary experiments that confirmed that mice on this diet became obese, hyperglycemic under fasting conditions (mean blood glucose of 227 mg/dl), and hypercholesterolemic (average total cholesterol of 208 mg/dl). Control (lean) mice were fed standard chow (2018SX Teklad Global Rodent Diet, Harlan, Indianapolis, IN) for the duration of the experiments. Some groups of DIO mice were pretreated with the antioxidant apocynin (acetovanillone, Fisher Scientific, Pittsburg, PA, 3 mM in drinking water) (37) starting 3 days before femoral artery ligation and continued until the animal was euthanized on day 14 postligation. Other DIO mice were given the Nox2-specific inhibitor Nox2ds-tat (gp91ds-tat) (17, 66) , which was custom synthesized (EZbiolabs, Westfield, IN) according to Rey et al. (66) , and delivered at a dose of 10 mg·kg Ϫ1 ·day Ϫ1 via Alzet osmotic pumps (1002, Durect, Cupertino, CA). The osmotic pumps were aseptically implanted in a subcutaneous pocket in the nape of the neck at the time of femoral artery ligation and delivered Nox2ds-tat until final experimentation at 14 days. Previous studies have demonstrated the effectiveness of these concentrations/doses in normalizing arterial nitric oxide and ROS concentrations (98, 99) , reducing oxidative stress (66, 75) , and impacting compensatory collateral growth (22, 59) .
Femoral artery ligation. The femoral artery ligation model used in the present study was chosen because short-segment total occlusion of the distal superficial femoral artery is the most common lesion in patients with PAD (19) . Briefly, mice were anesthetized via a 2.5% isoflurane and oxygen mixture, an ϳ7-mm incision was aseptically made in the skin, the femoral artery was carefully teased away from the vein and nerve, a 6-0 sterilized silk suture was used to ligate the artery (care was taken to prevent tissue desiccation), and the skin was closed via a 5-0 sterile absorbable suture. Animals were then allowed to recover for 2 wk.
Distal limb pressure measurement and calculation of collateral and microvascular segmental resistances. Using a servo-null micropressure system (Instrumentation For Physiology and Medicine model 5A) as previously described for small and low-pressure vessels (7, 81) , arterial pressure was measured before (P intact) and after acute (Pacute) distal femoral artery occlusion in the left limb and chronic femoral artery ligation (Pchronic) in the right limb. With the mouse anesthetized with isoflurane, the right and left saphenous arteries were exposed and continuously bathed with physiological saline solution. Each micropressure pipette was calibrated immediately before measurement. After reference zero pressure in the saline bath had been established, the sharpened micropipette (8-to 10-m outer diameter to tolerate arterial puncture) was inserted into the lumen of the saphenous artery under microscopic observation, and a stable recording was obtained for at least 30 s. The point of micropressure pipette insertion was at a point distal to the gracilis arteries but proximal to the feed vessels to the microcirculation and thus provided perfusion pressure for the distal limb before and after arterial ligation. This permitted the segmental resistance of the collaterals (Rc) and distal microvasculature (Rmv) to be calculated as a percentage of total limb resistance as previously reported for other species (26, 49, 56, 69, 83, 94) . The following equations were used: Rc (in %) ϭ [(Pintact Ϫ P)/Pintact] ϫ 100% and Rmv (in %) ϭ (P/Pintact) ϫ 100%, where P is Pacute or Pchronic.
Assessment of collateral vessel enlargement. On day 14 postocclusion, animals were anesthetized via isoflurane, the abdominal cavity was opened, the infrarenal abdominal aorta was cannulated in the direction of flow, and the animal was perfused at Ն100-mmHg pressure with 10 ml of dilator (0.1 mM adenosine and 0.01 mM sodium nitroprusside in 0.9% saline) followed by 10 ml of 4% Zn-formalin. After fixation, ϳ0.1 ml of yellow Microfil vascular casting compound (MV-122, Flow Tech, Carver, MA) was injected into the cannula while the ligated limb vasculature was visualized under the dissecting scope until filling of the saphenous artery was observed and the primary collateral path was noted. The casting agent was allowed to cure at 4°C overnight. In situ digital images of the collateral midzone region of the anterior and posterior gracilis arteries were then obtained as well as same animal matched controls, and vessel diameters were determined via ImageJ software (National Institutes of Health). We have previously shown these vessels to comprise the primary collaterals after surgical ligation of the distal femoral artery between the origins of the superficial epigastric artery and the geniculate/saphenous/popliteal arteries (21) .
Laser-Doppler perfusion imaging. Perfusion of the plantar surface of the hindpaw was measured via laser-Doppler perfusion imaging (model LDI2-IR, Moor Instruments, Devon, UK) on both ligated and control limbs on 1 and 14 days postocclusion. Animals under 2.5% isoflurane plus oxygen mixed anesthesia were placed on a 37°C heating pad and allowed to acclimate for 10 min before being scanned. Experimental limb perfusion data are expressed as a percentage of the control limb calculated from individual limb laser-Doppler flux values.
Real-time quantitative PCR. Relative differences in iliac/femoral artery Nox subunit mRNA expression from lean and DIO mice were determined using reverse transcription real-time quantitative PCR as previously described in detail (22, 59) . After perfusion with cold PBS and RNAlater (Ambion, Austin, TX) via the caudal aorta, the entire length from the bifurcation of the aorta to the distal end of the femoral arteries was isolated for RNA extraction (iliac-femoral). Purification of total RNA was completed, and aliquots of RNA (0.2 g) were reverse transcribed into cDNA. For PCR, cDNA (5.0 l, 1:50 dilution) was combined with primers and probes for Nox2, p47 phox , Nox4, p22 phox , Nox1, or ␤-actin endogenous control (TaqMan Gene Expression Assays, Applied Biosystems, Foster City, CA) in the presence of a PCR master mix (FastStart Universal Probe Master Mix, Roche Applied Science, Indianapolis, IN). Reactions were run in triplicate on an Applied Biosystems 7500 Real-Time PCR system using relative quantification (ddCt) with standard two-step 7500 PCR cycling conditions (40 cycles). Differences in PCR product yields between groups were determined by comparing the fold differences between target mRNA after normalization to ␤-actin.
Multiparametric fluorescence-activated cell sorting. Multiparametric fluorescence-activated cell sorting (FACS) analysis was used to assess mobilization and demargination of circulating monocytes. Peripheral blood samples were collected into EDTA tubes (BD Biosciences, San Jose, CA) via a tail vein at baseline (before) and 1 and 3 days postligation and subjected to processing and staining for FACS analysis as previously described (74) . Cells were washed in 2% FBS after red blood cell (RBC) lysis (Qiagen, Germantown, MD), centrifuged, resuspended in 2% FBS in PBS, and incubated for 10 min with murine Fc Blocking Reagent (Miltenyi Biotec, Cologne, Germany). Cells were then reacted for 30 min at 4°C in the dark with LIVE/DEAD violet fixable cell stain (Invitrogen, Grand Island, NY); CD115-PE and TER119-PacBlue (eBioscience, San Diego, CA); CD11c-PerCP-Cy5.5, Ly6C-PE-Cy7, and CD11b-APC-Cy7 (BD Biosciences); or F4/80-APC and F7/4-FITC (Serotech, Oxford, UK). True positive and negative events were determined using "fluorescence-minus-one" gating controls, and titration of antibodies for optimal staining was performed (27, 36) . Data were acquired uncompensated on a BD LSRII flow cytometer, and at least 100,000 events were recorded per sample. FlowJo software (version 8.7.3, Tree Star, Ashland, OR) was used to first create a compensation matrix and then analyze the data. The gating strategy for the identification of circulating monocytes is shown in Fig. 5A and included 1) forward/side scatter to remove debris and cell doublets/triplets, 2) a viability stain in combination with the RBC marker Ter119 to eliminate RBCs and dead cells, 3) CD115 positivity to identify total monocytes, and 4) CD11c negativity as well as high versus low expression of Ly6C to identify total monocytes as either inflammatory (Ly6C Hi ) or resident/patrolling (Ly6C Low ). Statistics. Unless otherwise noted, parameters were evaluated with two-way repeated-measures ANOVA (SigmaPlot 12.5, Systat Software). Multiple pairwise comparisons were performed via the HolmSidak method when significance between groups was detected. P values of Յ0.05 were considered significant, and data are presented as group averages Ϯ SE.
RESULTS
Body mass. Average body mass for control and experimental DIO mice is shown in Table 1 . DIO mice on the high-fat diet exhibited greater total body mass than control (lean) mice fed the standard chow.
Hindlimb arterial pressures and segmental resistances in lean and DIO mice. Saphenous artery pressures measured in lean and DIO mice are shown in Fig. 1A , and calculated segmental collateral and microvascular resistances are shown in Fig. 1B . In lean mice, saphenous artery pressure averaged 83 Ϯ 5.1 mmHg in intact limbs without femoral artery occlusion. This pressure should very closely reflect mean arterial pressure and indicates that measurements were made under conditions in which cardiovascular system performance was well developed. With acute and chronic femoral artery ligation, saphenous artery pressure was significantly and substantially reduced by 72 Ϯ 4.3% and 63 Ϯ 5.0%, respectively. Similar results were observed in DIO mice, where the normal arterial pressure of 80 Ϯ 4.0 mmHg was reduced by 65 Ϯ 7.3% and 62 Ϯ 3.1% with acute and chronic occlusion. When collateral and microvascular resistances were calculated from these pressure measurements, the upstream proximal collateral resistance was significantly greater than distal microvascular resistance in lean and DIO mice for both acute and chronic ligation (Fig. 1B) . When within-animal comparisons were made of limbs with acute and chronic femoral ligation, a significant decrease in segmental collateral resistance was observed in lean but not DIO mice. Fig.  2A , foot perfusion at 1 day after femoral artery ligation was reduced to a similar level in lean, DIO, and apocynin-treated DIO mice (19 Ϯ 2.5% 22 Ϯ 3.4%, and 16 Ϯ 3.1% of the control limb, respectively). On day 14, perfusion was significantly increased in lean and apocynin-treated DIO groups but not in the DIO group. The increases in perfusion from days 1 to 14 averaged 147 Ϯ 48% in lean mice and 113 Ϯ 25% in apocynin-treated DIO mice versus 49 Ϯ 29% in DIO mice. Figure 2B shows average diameters of anterior and posterior gracilis arteries from control and experimental limbs. Luminal diameters of the experimental (collateral) arteries in limbs with femoral artery ligation were significantly greater than the same arteries in control limbs in lean and apocynin-treated DIO mice but not in DIO mice (Fig. 2B) . Compared with same-animal control limbs, diameters of the gracilis arteries were increased 151 Ϯ 30% and 88 Ϯ 17% in lean and apocynin-treated DIO mice versus 44 Ϯ 17% in DIO mice.
Apocynin prevented DIO-induced impairment of vascular compensation to femoral artery occlusion. As shown in
Increased vascular Nox subunit mRNA expression in DIO mice. mRNA expression of the Nox components p22 phox , Nox2, p47 phox , and Nox4 in the peripheral vasculature (iliacfemoral arteries) was assessed by PCR. The results shown in Fig. 3 demonstrate that these were all significantly elevated in DIO versus lean mice, with the increase averaging 56%, 68%, 95%, and 62%, respectively, for p22 phox , Nox2, p47 phox , and Nox4. Nox1 appeared to be much less abundant, and no quantitation was possible because, under the same amplification conditions, ddCt did not rise above background fluorescence until the highest cycle numbers.
Nox2-p47 phox inhibition/ablation prevents impaired vascular compensation in DIO mice. To assess the potential role of Nox2 and p47 phox in the obesity-induced impairment of vascular compensation to arterial occlusion, we used a specific inhibitor of Nox2 (Nox2ds-tat) and Nox2 Ϫ/Ϫ and p47 phoxϪ/Ϫ mice. As shown in Fig. 4 , DIO mice in all these groups exhibited significantly increased foot perfusion and collateral artery enlargement after femoral artery ligation, unlike the untreated DIO mice shown in Fig. 2 . Increases in perfusion from days 1 to 14 averaged 129 Ϯ 29% in mice treated with Nox2-ds-tat, 80 Ϯ 17% in Nox2 Ϫ/Ϫ mice, and 207 Ϯ 51% in p47 phox Ϫ/Ϫ mice, respectively. Diameter increases in gracilis . B: quantitation demonstrated a significant increase in the collateral vessel luminal diameter versus same animal controls in lean and DIO ϩ Apo mice but not in DIO mice (n ϭ 5-7). The n for lean diameters was 2 fewer than that for lean laser-Doppler perfusion imaging (LDPI) because 2 animals died during cannulation of the aorta at the time of death. Fig. 3 . NADPH oxidase (Nox) expression in iliac/femoral arteries from lean and DIO mice. Changes in specific Nox subunit mRNA expression due to high-fat diet feeding were assessed using real-time quantitative PCR. Results are expressed as relative fold changes after normalization to ␤-actin (n ϭ 3-6).
collateral arteries relative to same animal controls averaged 62 Ϯ 10%, 68 Ϯ 26%, and 132 Ϯ 19%, respectively, for mice treated with Nox2ds-tat and Nox2 Ϫ/Ϫ and p47 phoxϪ/Ϫ mice. Collateral growth-associated inflammatory cell mobilization and demargination are not impaired in DIO mice. Multiparametric FACS analysis was performed to determine if an impairment in mobilization and/or demargination of BMDCs contributes to the mechanism of collateral growth dysfunction observed in obesity. Quantification of the percent live circulating total monocytes demonstrated that there were significantly more total monocytes at baseline in DIO versus lean mice (P Յ 0.05; Fig. 5B) . Furthermore, this quantification demonstrated that the percentage of live circulating total monocytes in both groups significantly increased from baseline to day 1 postligation and that this percentage then decreased from days 1 to 3 postocclusion (Fig. 5B) , indicating mobilization and demargination events, respectively. When inflammatory versus patrolling monocyte subsets were interrogated, no significant alterations were noted in the percentage of the inflammatory (Ly6C Hi ) monocyte subset; however, significant changes in the patrolling (Ly6C Low ) monocyte subset were observed, which mirrored those of the total monocyte population (Fig. 5, C and  D) . These data suggest that the mobilization and demargination events observed in the total and patrolling monocyte populations as well as the relatively minor fluctuations in the inflammatory monocyte population were not impaired in DIO versus lean mice.
DISCUSSION
The results of this study demonstrate a profound impairment of vascular compensation to focal arterial occlusion in DIO mice that is mediated by Nox and involves the suppression of collateral artery luminal remodeling to a larger diameter. Distal arterial pressure measurements identified proximal collaterals as the site of primary vascular resistance after peripheral arterial occlusion, and in situ diameter measurements established that enlargement of gracilis arterial collaterals was impaired in DIO mice. The impairment in DIO mice of hindlimb perfusion and primary collateral vessel enlargement was associated with an elevation of circulating BMDCs and mobilization and demargination were not suppressed. Treatment with the antioxidant apocynin, Nox2ds-tat (a specific inhibitor of Nox2/p47 phox interaction), or whole body ablation of Nox2 and p47 phox restored the capacity for collateral growth in DIO mice. The significance of each of these novel observations is discussed below as well as potential implications for pharmacological and molecular therapies in PAD.
Importance of collaterals in terms of vascular resistance. To our knowledge, this study is the first to provide segmental resistances in the mouse limb after femoral artery ligation, especially in the context of cardiovascular risk factors. Generally, Ն60% or more of mean arterial pressure reaches the terminal feed arteries that directly precede the microcirculation in skeletal muscle (30, 47, 48) . After femoral artery occlusion in the mouse, pressure in the saphenous artery is decreased to Յ30 mmHg (Fig. 1A) . This is less than the pressure normally present in medium to small arterioles (8, 30) and is approximately the pressure in normal skeletal muscle capillaries. Thus, in this mouse model with distal femoral artery ligation, there is a major shift in the site of primary resistance after major arterial occlusion such that ϳ70% of the total vascular resistance for limb perfusion occurs proximal to the calf muscles and less than half of the normal distal arterial pressure is available to force the flow of blood from the saphenous artery through small arteries, skeletal muscle arterioles, capillaries, and venules and return blood to the heart. This means that compensation in the distal vasculature, such as increased arteriolar numbers or diameters, would have limited effect on perfusion unless accompanied by decreased collateral resistance. In effect, without the cooperation of collateral arteries to bridge blood flow around arterial occlusion sites, the distal microvascular adaptations in capillaries and arterioles would be of minor functional relevance.
In the mouse hindlimb, the collateral resistance as percentage of total hindlimb resistance decreased from ϳ70 to 56% in lean mice but was unchanged in DIO mice (Fig. 1) . The relative resistances determined for collateral and microcircula- phox interaction (via Nox2ds-tat; DIO ϩ dstat) and whole body ablation of either Nox2 or p47 phox subunits (DIO ϩ Nox2 Ϫ/Ϫ and DIO ϩ p47 Ϫ/Ϫ , respectively) attenuated the impairment in foot perfusion seen in obese mice (refer to Fig. 2A) , as evidenced by a significant increase in their ligated limb perfusion from days 1 to 14 after occlusion (n ϭ 3-8; note that LDPI imaging was not available for most of the DIO ϩ dstat mice). B: treatment of obese mice with Nox2ds-tat or ablation of Nox2 or p47 phox also attenuated the impairment in collateral growth observed in high-fat diet-fed mice (refer to Fig. 2B) , as evidenced by a significant increase in collateral vessel diameter versus same animal controls for each of these treatment groups (n ϭ 7-11). there were significantly more total monocytes at baseline in DIO versus lean mice. The total monocyte percentage significantly increased from baseline to day 1 in both groups (mobilization) and then decreased from days 1 to 3 in both groups (demargination). C and D: the significant changes observed in the total monocyte population were mirrored in the Ly6C
Low /patrolling monocyte population but not in the Ly6C
Hi /inflammatory monocyte subset.
tion vasculatures in the mouse hindlimb are similar to previous reports in preclinical models and humans. In the rat hindlimb under resting conditions, we have shown the percent collateral resistance to decrease from ϳ70% initially after femoral artery ligation to ϳ60% (83) and 50% (49) at 1 and 8 wk postligation, respectively. In the feline hindlimb under maximally dilated conditions, collateral resistance decreases from ϳ80% with acute femoral artery ligation to ϳ50% in 5 wk (69). Segmental resistances have also been reported for dogs [decrease from ϳ50% to 25% in 250 days (26)] and monkeys [from ϳ60% to 30% in 16 mo (55)]. In human patients with femoropopliteal arterial occlusion (an equivalent occlusion site compared with the mouse model used), Ludbrook (56) measured collateral resistance and observed it to be increased with disease progression. As a percentage of total vascular resistance, collateral resistance at rest and during peak flow conditions was, respectively, 23% and 73% in claudicants without rest pain and 52% and 89% in PAD patients with rest pain. Similar results were reported by Mundth et al. (62) for measurements made in patients undergoing femoral-popliteal bypass surgery: the percent collateral resistance was 46%, 63%, and 81% for patients with claudication, rest pain, and gangrene, respectively. It is thus important to include assessment of collateral growth and/or function in preclinical studies of vascular compensation to arterial occlusion.
Relevance of experimental model of impaired collateral compensation to peripheral arterial occlusion.
All of the studies in various species including humans in which pressures have been measured distal to the occlusion site indicate that the vascular segment of greatest resistance is the collaterals. In most organs, including skeletal muscle, the arterial-arteriolar tree is such that these collateral vessels will be small arteries (16, 33, 54, 70) . The "collateral growth" or arteriogenesis that occurs in human legs is generally considered to involve preexisting small arteries (4, 70) . The primary collateral pathway in humans with focal occlusion of the distal superficial femoral or proximal popliteal artery is typically the genicular arteries of 1-to 2-mm diameter (16, 70) .
In the mouse hindlimb model with distal femoral artery ligation, the gracilis arteries form a collateral pathway commonly studied and we have shown this pathway from the profunda femoral through the gracilis arteries to the saphenous artery to be a major collateral circuit (21) . The results shown in Fig. 2 demonstrated that both distal limb perfusion and collateral diameter enlargement were suppressed in DIO mice, which have multiple cardiovascular risk factors and are characterized by endothelial dysfunction and oxidative stress (44, 57) . Endothelial dysfunction and oxidative stress not only compromise the vasodilatory capacity of resistance vessels but are also associated with suppression of compensatory flowmediated remodeling and collateral enlargement in the context of arterial occlusion in humans (90, 95, 96) and animals (60, 79, 80, 87, 98, 99) .
The major risk factors for PAD have been identified (29) to include advanced age, smoking, diabetes, hypertension, and hypercholesterolemia. Several of these factors as well as related endothelial dysfunction and oxidative stress are also associated with impaired compensation to arterial occlusion. Although obesity itself is not a major risk factor of arterial disease, it has a strong correlation with and contribution to the development of and progression of diabetes, hypercholesterolemia, and hypertension (50, 61) . The murine model used in this study reflects major characteristics of the human condition of arterial disease, including multiple risk factors, endothelial dysfunction, oxidative stress associated with elevated Nox expression, and impaired compensation in collateral vessels, which comprise the primary site of resistance. While the DIO mouse hindlimb model used in the present study appears to mimic impaired compensation observed in humans with focal arterial occlusion, murine models of arterial occlusion have been criticized for their inability to predict clinical outcomes; thus, potential limitations of this model should be considered. The occlusive event was sudden, as can occur in humans with an atherosclerotic embolus, but was not associated with the decade-long presence of vascular disease, as is often the case clinically. The murine primary collateral vessels are much smaller (ϳ50 times) than in humans, have much thinner walls, and are located shorter distances from ischemic tissues (100). Consequently, the hemodynamic and metabolic stimuli that influence remodeling may be different. However, as mentioned above, the relative distribution of vascular resistances in mice is quite similar to those of large species and the relative changes in resistance after occlusions are of similar magnitude. Accordingly, the relevance of the mouse to large-mammal hemodynamics and compensatory mechanisms appear to provide valuable insights and facilitates the investigation of mechanisms using genetically modified animals.
Role of Nox2-p47 phox in impaired compensation to arterial occlusion. As shown in Fig. 3 , the Nox subunits p22 phox , Nox2, p47 phox , and Nox4 all had significantly elevated expression in femoral/iliac arteries from DIO versus lean mice, whereas the expression of Nox1 was significantly lower. We initially attempted to quantify mRNA Nox levels in same animal collateral and control gracilis arteries. However, the low yields from these vessels would have required ϳ15 mice per RNA replicate (18) ; thus, the more proximal peripheral arteries were used. It is important to note that mRNA expression may not reflect protein levels or Nox activity and that the expression present in iliac-femoral arteries may differ from smaller gracilis arteries. However, to our knowledge, this study is the first report of Nox expression in peripheral vessels smaller than the aorta in DIO mice. These increases observed in DIO mice are consistent with reports of Nox expression increases in other vascular tissues, cells, or plasma from experimental DIO and insulin resistance as well as available clinical studies. In the aorta of DIO mice, Du et al. (24) observed increased expression of Nox2 and p22 phox protein but not Nox1 or Nox4. Pulmonary endothelial cells collected from insulin-resistant mice (75) showed elevated Nox2 and Nox4 expression but not Nox1. In humans, Silver et al. (72) showed increased p47 phox expression in venous endothelial cells from overweight and obese humans, and elevated levels of soluble Nox2 have been reported for obese and hypercholesterolemic patients (52) . It will be important for future studies to identify the specific vascular cells that have altered Nox expression in the presence of vascular risk factors. Based on studies of the aorta in DIO mice (24) and rats characterized by hypertension and metabolic disorders (92), we expect that expression of Nox2 would be limited to endothelial cells and fibroblasts. However, Nox2 expression has been reported in vascular smooth muscle cells cultured from rat mesenteric arteries (12) . The improved compensation in DIO mice pretreated with apocynin (Fig. 2) is consistent with a major role for oxidative stress in the impairment of vascular compensation. Our results with the selective Nox2 inhibitor Nox2ds-tat and whole body ablation of Nox2 and p47 phox (Fig.  4) provide evidence to support the role of Nox2-p47 phox interactions in the impairment of hindlimb perfusion and primary collateral growth observed in DIO mice. This finding is consistent with reports that Nox2 mediates 1) endothelial dysfunction in DIO mice (24, 57) ; 2) impaired vascular compensation to arterial occlusion in the presence of risk factors including aging, smoking, hypercholesterolemia, and diabetes (25, 34, 35, 78) ; and 3) abnormal flow-mediated nitric oxide responses in collateral arteries of rat models of impaired collateral compensation (98., 99) .
Potential mechanisms mediating impaired collateral growth. While vascular risk factors such as age, hypercholesterolemia, diabetes, and smoking impair vascular compensation to arterial occlusion, the mechanisms responsible for impaired collateral compensation in the presence of cardiovascular risk factors have not been fully defined and may vary between risk factors (42) . Much attention has been focused on the role of BMDCs in collateral growth, and impaired BMDC mobilization and recruitment represent potential primary mechanisms for impairment, especially in diabetic models (40 -42) . On the other hand, a preexisting, proinflammatory state is associated with impaired flow-mediated collateral dilation and outward remodeling (90) . Monocytes have been suggested to be the most important BMDC in mediating arteriogenesis in response to arterial occlusion (31, 39, 41) with either Ly6C
Hi (14, 15) or Ly6C Low (86) monocyte subsets being of primary importance. Our results obtained with flow cytometry indicate that total monocytes are elevated in DIO mice at baseline and that their mobilization and demargination are not suppressed (Fig. 5) . This baseline elevation is consistent with previous reports of a proinflammatory state in the DIO mouse (73, 88) . Such low-grade chronic inflammation is associated with PAD (10, 71) and the impairment of flow mediated dilation and outward remodeling of collaterals (90) . Our results also demonstrate there is no impairment in the ability of monocytes to mobilize into or demarginate from the circulation in response to femoral artery ligation in DIO mice, consistent with a report (3) of significantly increased numbers of recruited leukocytes in DIO mice after hindlimb ischemiareperfusion injury. Furthermore, our data demonstrate that the Ly6C
Low monocyte population was more significantly affected by femoral ligation than the Ly6C
Hi population (Fig. 5, C and  D) . Our results for mobilization of these monocyte subsets are consistent those of van den Hengel et al. (86) but not Cochain et al. (15) in young healthy mice. Possible reasons for the discrepancy between results include the degree of ischemia induced (femoral artery ligation vs. excision) and the methods used to identify inflammatory monocytes and assess collaterals (15) . While our data demonstrate that impaired mobilization or demargination of monocytes does not occur in DIO mice and recruitment has been shown to be augmented (3), it is possible that a loss of angiogenic potential of monocytes occurs as proposed as a mechanism of impairment by Kinnaird et al. (42) and demonstrated for type 1 diabetic mice (25) . However, our preliminary observations with injections of BMDCs from lean and DIO mice into DIO mice revealed no difference in the effect on collateral growth, consistent with what has been observed in aged mice with impaired vascular compensation when given BMDCs from young donors (91) . In contrast, Ito et al. (41) recently reported impaired monocyte recruitment to mediate reduced collateral growth in the leptin receptor-deficient Zucker fatty rat model of type II diabetes but not in rats made hypertensive by renal clamping. Taken together, these results suggest that mechanisms other than those related to BMDC function may mediate the impaired compensation observed in the presence of some major vascular risk factors. Such mechanisms may include vascular-specific deficits (42) such as dysfunctional nitric oxide signaling (91) and abnormal redox-dependent regulation of gene expression (82) . Appropriate antioxidant therapy might also mediate improvement through altered metabolic status (64); however, it has been shown in insulin resistance that vascular function is impaired by Nox2 independent of altered glucose status (75) .
Potential for Nox-related therapies in PAD. Vascular Nox has been identified as a therapeutic target to prevent and treat vascular endothelial dysfunction and disease, including PAD, based on numerous preclinical studies that have shown one or more of Nox isoforms 1, 2, and 4, with different cell-specific expression patterns and functions (9), to be the major source of vascular oxidative stress. The beneficial effects of Ramipril in claudicants (1) could be due to the effects of angiotensinconverting enzyme inhibitors on Nox activation (63) . Nox2-derived ROS induce endothelial dysfunction and vascular disease (for reviews, see Refs. 9 and 68), whereas Nox 2 inhibition and ablation improve compensation in preclinical models of arterial occlusion (present study and Refs. 25, 34, 35, and 78) . Clinical studies have demonstrated elevated serum soluble Nox2 associated with endothelial dysfunction (flow-mediated dilation) and increased oxidative stress in obese and hypercholesterolemic patients (52) , nonsmoking claudicants (51), and reduced atherosclerotic burden in human carriers of Nox2 deficiency (89) . Thus, there are compelling reasons for optimism for Nox2-related therapies for PAD.
However, more investigation is needed as divergent effects of Nox2-derived ROS on vascular compensation to arterial occlusion have been reported (22, 25, 34, 35, 77, 78) . A major concern is that while some of the above studies demonstrated Nox2-inhibition and ablation to provide significant benefit in terms of vascular compensation, others reported suppressed compensation (13, 16, 56) . Conversely, the beneficial effects of Nox2 inhibition/ablation were always observed in the presence of risk factors [advanced age (78) , hypercholesterenemia (34), smoking (35) , and type 1 diabetes (25)] and suppressed compensation was shown in the absence of known risk factors (13, 16, 56) . This observation could relate to critical levels of ROS for compensation and pathology, as previously proposed (46, 97) . The specific effect on compensation may also depend on the vascular site and level of ischemia (21, 77) as well as cell-specific Nox expression patterns (9) .
Another concern is that Nox2-inhibition/ablation could have beneficial effects for one organ system but be harmful in another. For example, whereas Nox2 inhibition may restore vascular compensation after arterial occlusion, Nox2 activity in inflammatory cells could be required for the skeletal muscle repair and regeneration that occurs in the ischemic muscles (21, 25, 77) . Because oxidative stress-related myopathy (45) as well as vasculopathy is observed in claudicants, additional preclinical studies are especially needed to address this issue.
Conclusions. The present work establishes that collateral arteries provide the primary resistance to perfusion after distal femoral artery occlusion and that natural compensation by collaterals is impaired in DIO mice with multiple risk factors, as occurs in humans. This impairment does not involve the suppression of BMDC mobilization or demargination but is associated with a preexisting proinflammatory state. Nox2 and p47 phox expression is elevated in DIO mice, as also shown for humans with vascular disease. Thus, this represents a relevant preclinical model to investigate mechanisms of compensation impairment as well as potential therapies. Nox2 and p47 phox ablation/inhibition prevents the impaired compensation in DIO mice. Additional work is needed to determine if Nox-related therapies can reverse as well as prevent impaired collateral compensation to arterial occlusion and to establish potential mechanisms and effects of such therapies on PAD-related myopathy.
